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Abstract.

We measured the spectral emission of plasmas from the National Spherical Tokamak Experiment in the extreme ultraviolet
region, typically dominated by M-shell iron lines. Although we found that most of the significant emission in the 170-270 A
region emanates from iron, there are also some strong lines of carbon present. We show that the carbon lines are not produced
by electron-impact excitation, and we speculate that they are formed instead by charge exchange.
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INTRODUCTION

Charge exchange is an important process in astrophysics. Charge exchange occurs extensively in the solar system,
e.g., in the interaction of neutral atoms of cometary comae and planetary atmospheres with the highly charged solar
wind [1, 2, 3, 4]. It may also be a significant source of soft x rays in such objects as supernova remnants and starburst
galaxies [5, 6]. Charge exchange is also known to occur in a variety of such terrestrial plasmas, such as tokamaks
[7,8, 9]

The search for astrophysical charge exchange phenomena has so far mainly focused on the x-ray emission of K-
shell ions [1, 10, 11] because of the available detection systems currently in orbit. Identifying lines produced by
charge exchange in other spectral bands may accelerate the search for this cosmic line formation process. The extreme
ultraviolet region is of particular interest because both the Chandra and XMM-Newton x-ray observatories are sensitive
to emission in this region from cosmic sources. Moreover, the Hinode satellite and the Solar Dynamics Observatory
observe this spectral band in the sun.

In the following, we report on lines of carbon in the 170-215 A region that cannot be explained by collisional
excitation. Based on concurrent measurements of the C V and C VI K-shell emission lines, we suggest that these are
produced by charge exchange.

METHODS

We obtained time-resolved spectra on NSTX using the time-resolving Long-Wavelength EUV Spectrometer
(LoWEUS) instrument [12]. LOWEUS is a flat-field grating spectrometer with variable line spacing and a mean 1200
£Imm, based on a design originally used at the Livermore electron beam ion trap [13, 14]. The spectral resolution
is ~0.3 A, resulting in a resolving power A /AA ~500-800 in the 150250 A region we examined. LOWEUS had
a time resolution of ~13 ms at the time (since then upgraded to ~5 ms [15]), enabling examination of impurity
evolution over the duration of the shot, as well as better correlation of emission with plasma conditions as measured
by multi-point Thomson scattering (e.g., Fig. 1 in [15]). Our group has also installed similar instruments on the
Alcator tokamak [16, 17].

The iron emission observed in this region was compared to modeling calculations using the CHIANTI database (v.
7.0 [18, 19]). Good agreement was found, similar to that reported in [20, 21], and we do not repeat such fits here.
Calculations of the carbon line emission from collisional excitation were performed using the Flexible Atomic Code
[22]. The line emission was calculated for the temperature of maximum abundance for C V (31 eV) and C VI (87 eV),
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FIGURE 1. Spectrum of NSTX Shot 14111 taken by LOWEUS at different times. Strongest iron lines are identified by charge
state. Dotted line: ~200 ms into the shot. Strong, non-iron features are indicated by asterisks associated with CV and C VI. Solid
line: summation of the temporal emission of the remainder of shot (40 frames, ~220-800 ms). The roman numerals denote the
spectral number of iron forming a given peak.

using an electron density Ne = 5 x 10%3cm~3. Calculations at higher and lower densities were also performed, but no
effect of density on the relative line emission could be seen.

RESULTS

We present data from NSTX shot 141111, taken on 16 Sept 2010. Iron and, to a lesser extent, nickel are present as
impurities in some shots that may be due to sputtering of stainless steel components in the tokamak vessel. M-shell iron
emission, when present, occurs during the beginning of the shot, typically in the first 10—100 ms, when the electron
temperature of the plasma is ~100—300 eV. Shot 141111 unexpectedly included a second iron emission period ~170—
220 ms into the shot, when T, reached 500750 eV. In Fig. 1, we show emission from ~200 ms into the shot, when
Te~750 eV and Ne ~ 4 x 1033cm—3, overlaid with emission from the remainder of the shot. The remainder of the shot,
which represents the sum of the emission between 220 and 800 ms, displays very little iron emission.

Figure 2 (a) shows the full view of the spectrum in Fig. 1, together with the calculated emission of C V under
collisional excitation overlaid. The calculations show the helium-like lines commonly known as w and y in 1st order,
while the spectrum has these lines in 3rd and 4th order. Line intensities were normalized by using the strength of w
and y in 3rd order compared to 1st order. For this, a measurement of the grating efficiency for measuring the carbon
line in different orders was made at the EBIT-1 machine [23] at Lawrence Livermore National Laboratory (not shown).

DISCUSSION

All significant iron emission in the NSTX plasma observed by LOWEUS, ranging from Fe V111 through Fe XV, could
be identified with the CHIANTI atomic database, in accordance with earlier such analyses [20, 21]. The iron M-shell
emission typically ceases to be visible after 100 ms into the discharge, when Te > 500 eV. The lack of iron M-shell
emission after this time can be attributed to the fact that the observable ionization balance favors L-shell iron ions, i.e.
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FIGURE 2. Emission of helium-like C V from collisional excitation, as calculated with the Flexible Atomic Code (dashed line),
overlaid onto the LOWEUS spectrum of NSTX (solid line). Line intensities were calibrated by using the strength of lines w and
y observed in 3rd order as compared to 1st order measured with EBIT-1. (top) Full spectrum, showing lines w and y in 1st order
(calculated) and 3rd order (measured). (bottom) inset showing calculated vs. measured lines. Two strongest calculated lines are
marked with arrows. Color version online.

Fe XVIII — Fe XXIV, which emit at lower wavelengths than covered by LOWEUS, and to a dearth of new iron influx
from the vessel wall. Resumption of iron M-shell emission in this shot is attributed to an influx of cold iron from the
plasma edge, probably from plasma striking the wall or an in-vessel hardware component.

Several strong features appear at this time (marked by asterisks in Fig. 1), which we have identified as emission
of C V and C VI [24]. The newly observed carbon emission lines were not present in the CHIANTI astrophysical
spectral database, but lines at the appropriate position were found in either the NIST (v4, [25]) or Kelly [26] databases.
Suppport for the hypothesis that these lines are emitted by carbon is also seen in Fig. 1, which overlays the emission



at ~200 ms (dotted line) with emission of the remainder of the shot (~220-800 ms, solid line). Relative intensities of
the new lines closely track those of the well known K-shell linee of C V and C VI, which appear in higher order in the
LoWEUS spectra.

These new emission lines of carbon are unlikely to be due to collisional excitation. Their strengths, calculated in
our FAC models based on electron-impact excitation and seen in Fig. 2, are vanishingly small. Their absence from
CHIANTI is therefore not surprising because CHIANTI relies on collisional excitation to form the lines in its data set.

We propose that the strength of the new C V and C VI lines in our spectrum are indicative of non-equilibrium
processes. In particular, charge exchange of highly charged carbon with neutral hydrogen is a likely candidate process.

Charge exchange populates preferentially levels with principal quantum number n¢ given by ne ~ g%* where q is
the charge of the capturing ion (c.f. review by Wargelin et al. [27]). For C>* and C®* ions we have n. = 3.3 and n.
= 3.8, respectively. Thus, this process mainly affects the population of the n = 3 and n = 4 levels in carbon, and our
strongest lines, at 173.19 and 189.40 A are both 4—2 transitions, while the feature at 182.23 A is a blend of 3—2
transitions. Neutral deuterium was injected into the plasma in form of energetic beams for core plasma heating when
these lines were seen. In addition, neutrals enter the plasma as recycled deuterium along the vessel wall. For example,
charge exchange between helium-like Ar XVII and neutral hydrogen has been observed in the x ray region near the
vessel wall at the Alcator tokamak [28].

Collisional excitation preferentially populates the singlet level so that line w is almost twice the strength of line y,
whereas charge exchange preferentially populates the triplet levels so that line y is as strong or stronger than line w
[9, 27]. (Note that line z is populationally de-excited, adding to the intensity of y, and it is not seen at the densities
found in NSTX.) The relative strengths of the C V line pair w and y seen here (c.f. Fig. 2 bottom, where the lines
are seen in 4th order) are in line with being produced in part by charge exchange and, thus, are diagnostic of charge
exchange. Calculations of charge exchange in helium-like and hydrogenic carbon are ongoing and will be presented
in future work.
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